Introduction
It has been clear since the end of the nineteenth century that a high velocity solid bullet can produce explosive effects in tissues. Mach & Salcher (1890) and Boys (1893) took photographs using the spark shadowgraph of bullets in flight. With the development of the cathode ray oscillograph, high-speed cinematography and apparatus for producing high-intensity X-ray exposures of extremely short duration, factual information has been obtained concerning the mechanism of wounding of tissues with bullets.
Passage of a bullet through soft tissues is accompanied by the formation of a temporary pulsating cavity many times the size of the bullet. The maximum volume of this cavity is proportional to the energy absorbed by the tissues, and the degree of permanent injury, measured by the volume of extravasated blood and the volume of myosin depletion in muscles of sheep wounded by bullets, has been found to vary directly with the amount of striking kinetic energy of the bullet (French & Callender 1962; M Ainsworth 1961, personal communication) .
There have been several accounts of the immediate histopathological damage inflicted by bullets on skeletal muscle in experimental animals (Krauss 1957 , Harvey et al. 1962 ) but it has not been possible to trace a longer study than that of Le Gros Clark & Blomfield (1945) where changes in the thighs of rabbits were studied up to four days. Dziemian et al. (1961) found in goats that bullet wounds of muscle normally heal spontaneously, but they discuss only the bare minimum of histological details.
Scully & Hughes (1s956) studied biopsy specimens, surgically excised necrotic muscles and Paper amputated limbs by histological methods after gunshot injuries sustained by military personnel in the Korean conflict, but ofnecessity the material was never more than a few days old. There have been several studies of wounds of skeletal muscle produced other than by bullets, from the time of wounding until healing is complete (Le Gros Clark 1946 , Le Gros Clark & Wajda 1947 , Lash et al. 1957 ; for a review of striated muscle regeneration see Godman 1957) . However, it is perhaps surprising that there do not appear to have been any previous histopathological studies which cover the whole process of healing in gunshot wounds nor has there been any previous report, so far as we are aware, of the fate of blood vessels in the regions of such wounds. Reported here are the results of a histopathological study of the vascular and cellular changes in striated muscle after bullet wounding at varying time intervals up to six months.
Materials and Methods
The sheep was chosen as the experimental animal because of its relatively large size, approximating to that of man, and for its ease of acquiring and handling. The animals were cross-bred ewes aged approximately 7 years and weighed from 57 to 80 kg. The thigh contains the greatest compact mass of muscle and the quadriceps femoris group of muscles was selected for the experiments.
TIhe animals were anesthetized with a 4 % solution of sodium pentobarbitone (Nembutal) administered via a jugular vein and were then placed on their right sides on a modified operating table. A cuffed endotracheal tube was introduced to prevent inhalation of the copious saliva which is a characteristic of the anesthetized sheep. The left leg was extended, abducted and tied to a vertical pillar attached to the table. The wool on the lateral surface of the thigh was clipped and a marker was applied temporarily to the skin overlying that part of the muscle which was to be wounded. The position of the table was then adjusted so that the marker was in line with a 0-22 in. calibre gun whose muzzle was 3 metres from the left leg of the animal. The shot was fired and passed through the limb from the lateral to the medial side, traversing the centre of the quadriceps femoris group of muscles. In this position the projectile track was remote from the femoral nerve and vessels and, being approximately 2 cm from the femur, the latter was not fractured.
When planning the experiments it was decided that the temporary cavity produced by the missile in the limb muscles should be several centimetres in maximum diameter yet not so great that fracture of the femur by the rapidly moving wall of the temporary cavity was a feature. Several preliminary trials were performed with different bullets at varying velocities and it was found that the most suitable wound was produced by a 0-22 in. calibre hornet bullet with the charge reduced slightly to give a velocity of approximately 1,600 ft/sec (487 m/sec). The bullet is made of lead and is covered partly with a copper jacket, leaving the nose bare. In a proportion of the experiments the striking velocity of the bullet was calculated from measurements made electronically of the time taken to pass between a pair of electrically conducting paper screens a known distance apart. The residual velocity, after passage of the bullet through the limb, was determined by measuring the angle through which a calibrated pendulum swung when struck by the missile. From these velocity measurements and the known mass of the projectile the energy absorbed by the tissues from the projectile could be calculated. In a few cases flash X-ray photographs of the bullets during their passage through the muscles were taken to determine if they were stable; in other cases the X-ray exposure was delayed for between 900 and 1,100 microseconds to coincide with the time when the temporary cavity could be expected to have reached maximum diameter.
After being anmsthetized and shot the animals, if allowed to do so, awoke in one to two hours and after about three hours began to stand and walk. They seemed to be little disturbed and even limping ceased after three to four days.
At the time allotted for killing, the animal, if not already under the influence of the anesthetic used for shooting, was again heavily anesthetized and the stomach and intestines were removed through a midventral vertical incision. The haemorrhage associated with evisceration caused death and a polythene canula was tied into the left common iliac artery, through which the limb was perfused first with Tyrode's solution at 37°C and a pressure of 80 mm of mercury until the liquid issuing from the inferior vena cava was free from blood, and then with undiluted Pelikan In- Two to three litres of Tyrode's solution were used and usually 300 to 350 ml of ink sufficed. Throughout the perfusion procedures care was taken to avoid introducing air into the vessels.
The femur with its attached muscles was then excised and the quadriceps femoris group of muscles separated from the bone by gentle stripping of the periosteum. The group was placed whole into 4 % w/v neutral formaldehyde solution buffered to pH 7 0 (Lillie 1954) at 4°C for sixteen to twenty-four hours to facilitate slicing. They were then cut into slices 9 mm thick, in a plane at right angles to the missile track (Fig 1) . Three slices were selected for further processing, namely the middle slice and those immediately deep to the first and last slices. These so-caUed entrance, middle and exit slices were trimmed to sizes no greater than 1OX7 x 5 cm, taking care that the missile track and entire surrounding ischimic zone were included. The selected slices were fixed further, at room temperature, in the formaldehyde solution for two weeks to two months, the time depending on other laboratory commitments. Subsequent processing depended on whether the wounds were to be subjected to vascular study or primarily to cytological study.
Wax-embedded tissue: After fixation the slices were dehydrated in successive baths of 50 %, 70 %, Sections were cut at 8p, floated on a bath of weak gelatin solution to facilitate their adhesion to the glass slides, mounted and dried overnight in an incubator at 37°C in the presence of formaldehyde vapour. They were stained by a variety of methods, including hmmatoxylin and eosin, Giemsa (Hopkinson 1964) , van Gieson, Gram and for reticulin, where appropriate. Sections were mounted on glass slides 44 x 34 in. and after staining were dehydrated with alcohol, cleared with xylene and mounted in D.P.X.
Celloidin-embedded tissue: The blood vessels had been perfused with Indian ink and it was thought desirable to examine cleared, thick tissue sections to determine the effects of the missile trauma on the vascular pattern. Attempts to cut much thicker sections from the wax-embedded tissue were abandoned because the sections were brittle and fragmented too readily. Preliminary tests showed that sections 40p thick could be cut from tissues embedded in celloidin although this method was considered unsatisfactory for thin sections for cytological study because of staining difficulties. Therefore a further batch of animals, in addition to those used for the wax method, was subjected to the same wounding, perfusion and muscleslicing techniques. After routine fixation by the formaldehyde solution the trimmed entrance, middle and exit slices were dehydrated with ethyl alcohol and embedded, for between four and seven days at each stage, in 2%, 5%, 10% and finally 20% low-viscosity nitrocellulose (George TGurrLtd) dissolvedinamixture ofequal parts of diethyl ether and ethyl alcohol. After exposure to chloroform vapour for sixteen to eighteen hours the blocks were hardened further in liquid chloroform for one day and then transferred to 70% ethyl alcohol. From this solution sections were cut at 40Y),, dehydrated by passing up to absolute ethyl alcohol again, cleared in xylene and mounted on the large glass slides in D.P.X.
The blocks of tissue required prolonged processing, because, by normal standards, their size was very great, necessitated by the requirement of examining the whole of the wounded area on one section, and hence, dehydration and embedding was slow.
The muscles were studied at several different time intervals after wounding, namely at 10 min, 1, 6, 12 and 24 hours and 3 days by both the wax and celloidin methods and at 7 days, 3 weeks, 6 weeks, 3 months and 6 months by the wax method only, as it was found that after 3 days the thick, cleared, celloidin-embedded sections yielded no more information than could be obtained from the wax-embedded material. At each of the above time intervals after wounding 3 animals were studied, apart from 6 weeks, when only one animal was used. If infection occurred in a wound the animal was rejected from the series forming the basis of the present report and another animal was wounded. However, infected wounds will be reported in detail later.
An attempt was made to assess the amount of ischemiabyquantitativemethods. Capillaryfilling, or lack of it, with Indian ink was seen easily under low power microscopic magnification; by superimposing upon the slides of thick sections a graticule ruled in 1 mm squares, the area of ischmmia could be measured by counting the number of squares overlying areas whose capillaries were unfilled with Indian ink. If a square was less than half filled with visible capillaries it was not counted; only those more than half filled were included.
At the preliminary stages of this investigation the feasibility of measuring changes in limb girth after wounding was assessed, also the posssible role of intravital dyes in demarcating viable from non-viable muscle.
Results
(1) Ballistics data: The striking velocities of the bullets varied between 1,550 and 1,630 ft/sec and the residual velocities after penetrating the limbs were between 1,130 and 1,270 ft/sec. The energy dissipated to the tissues varied between 90 and 120 ft lb, the variation depending mainly on the thickness of the limb, but also to a lesser extent on the striking velocity of the bullet. Observations of bullets, by ultra short duration X-ray exposures, have shown that they are stable during their passages through the limbs and that little distortion occurs. Thus variations in the amount of energy absorbed by the tissues of different animals are unlikely to be caused by variations in retardation rate as a consequence of the bullet tumbling or squashing. The maximum diameter of the temporary cavity in the limb, measured at right angles to the missile track, was found to be 9cm.
(2) Measurements of limb girth: Measurements of the girths of the injured thighs were made daily with a tape-measure up to seven days on the animals which were allowed to survive for this time or longer. No changes were observed.
(3) Determination of amount of ischlmia: The results of the measurements of ischoemia, in sq. cm, at the three positions along the wound tracks and at different time intervals after wounding, are shown in Table 1 . The means of each of the three corresponding measurements of ischemia have been calculated and plotted as shown in Fig 2. The results were subjected to an analysis of variance which showed that the differences between the ischemic area measurements at the three positions along the wound tracks were not significant (p>0 2). In other words, the degree of ischmmia at, for example, the entrance ends of the wound tracks was not significantly different from that further along. However, if a comparison is made between the measurements of ischamic area obtained at'similar positions along the wound tracks but at different time intervals after wounding, then it can be shown that ischbmia is significantly less at ten minutes compared with the other times up to and including three days, apart from twelve hours from which the ten-minute results are not significantly different (p <0 05 >0 01).
(4) Histological results: In all the wounds studied the traumatized areas were irregular and were recognized by the disturbed organization of the tissue structures and by alteration in their staining 0 A a 0 L.
Fig 2 Graph to show the relationship between time and the area ofcapillaries unperfused with Indian ink,for the three different positions studied along the wound tracks. Each point plotted is a mean of measurements from 3 different animals reactions. The extent of the damage was at times too great to be included on one large histological slide though it must be strssed that in such cases the 'more severe changes, lack of vascular filling with ink and architectural disorder, were included. Only minor staining differences from normal proceeded to the edges of such sections and led one to believe that they would have'continued further had it been possible to take larger slices (Fig 9) .
Where fibrous intramuscular septa were within a distance of approximately 4 cm from the path of the bullet they seemed to exert a 'protective' effect; tissue between the septum and the track commonly showed marked changes whereas adjacent tissue, but on the other side of the septum, was often almost normal in appearance.
In the majority of sections of wounds examined from animals killed up to and including twelve hours after injury, the tracks of the bullets were recognized as clear spaces varying in size from a circular area 1 mm in diameter to an irregular defect approximately 2X 10 mm. There was a tendency for them to decrease in size as time elapsed and at twenty-four -hours and later they were absent. At ten minutes the spaces, present in 8 of the 9 muscle slices examined, were between damaged muscle fibres and the amount of hemorrhage was small. 'Red cell extravasation was present mainly in the perimyseal septa, in some sections up to 55 mm from the wound track, and also to a lesser extent between muscle fibres in the most severely damaged zone which was usually 20 to 30 mm in greatest diameter. -The sources of the hmnorrhage, whether arterial, venous or capillary, were not detectable. At one hour more extravasated blood was-seen, both in the perimyseal septa and particularly in the zone within 20 mm of the missile track. After this time no further heemorrhage appeared to occur ex¢ept .that in one animal, killed three days after wounding, there was a small area showing evidence of fresh bleeding. Heemorrhage was never gross.
Small patches of extravasation of Indian ink were seen in the wounds of all animals killed at 10 min, usually in the zone of most severe damage but also in the perimyseal septa, and usually not associated with extravascular red cells. Marked cedema was not evident; such as was present was confined to an area never more than 30 mm in greatest diameter, which invariably included the zone traumatized most severely. It was present between six hours and three days after wounding and was not detected later.
The muscle fibres within 10-15 mm of the bullet track showed severe traumatic changes, namely hyalinization, fragmentation, vacuolation and irregularity of outline (Fig 3) . The nuclei of these fibres were pyknotic at all time-intervals studied after wounding. Retraction clots and contraction bands were usually, but not always, seen in a few fibres, depending on the plane of section, but disappeared after seven days. The hyalinized fibres, in sections stained with hmmatoxylin and eosin, were more eosinophilic than normal and in Giemsa-stained sections. they were an intense dark blue colour (Fig 4) . In the surrounding areas, part-icularly within the first twelve hours of wounding, the changes in the fibres were less marked and tended to be patchy in distribution. Scattered hyalinized fibres showing the dark blue Giemsa changes were seen as far as 35 mm from the missile track but more commonly the fibres were a lighter blue colour and showed coarse longitudinal striations (Hopkinson 1964) . The latter staining alterations were seen as far out as the edges of some sections. Cross-striations were usually difficult to see in fibres staining blue with Giemsa and were not always visible in normal pink-staining fibres. The Giemsa changes outside the zone of maximum damage tended to diminish in intensity and extent after three days but could be observed for as long after wounding as six weeks.
In the early stages after wounding, up to three days, the area showing lack of filling of the capillaries with Indian ink was always more extensive than the zone of hyalinized fibres with pyknotic nuclei. But by three days the margins of the two zones, of spreading necrosis on the one hand and capillary filling on the other, had met. The margin of capillary filling was seen easily at three days and later, because by this time new, dilated blood vessels had formed which were interspersed with young fibroblasts, vascular endothelial cells, macrophages and a few neutrophil polymorphonuclear cells ( Fig 5) . This young vascularized conneetive tissue was invading and absorbing the tissue in the necrotic zone. A cellular response to the injury was seen as early as one hour after wounding and consisted of neutrophil infiltration of the edges of hemorrhages (Fig 6) . Neutrophils increased progressively in number up to twenty-four hours and were associated mainly with extravasated red cells but appeared also between damaged muscle fibres; at twenty-four hours they were frequently present within lacune in dead fibres. Macrophages were seen only infrequently before three days; the numbers of neutrophils on the other hand declined markedly after twenty-four hours.
By seven days the young vascularized connective tissue was 1-1`5 mm wide; it was very active, laying down-reticulin fibres and forming new blood vessels pari passu with the removal by phagocytosis of the central necrotic material. Evidence of regeneration of muscle fibres, comprising wisps of nucleated basophilic sarcoplasm, was usually present in the periphery of the young connective tissue. Resolution of septal haemorrhages was occurring also at this time.
At three weeks regenerating muscle fibres were more numerous, especially at the periphery of the connective tissue zone. The majority were broader than those present at seven days and were eosino- philic with multiple, often central, pale nuclei (Fig 7) . They were infiltrating between bundles of newly-formed collagen fibres, which merged gradually towards the more central regions with reticulin fibres. The necrotic material was smaller By six weeks only a few tiny necrotic areas remained. Their replacement by connective tissue was continuing and at the periphery of the reactive zone rather more regeneration of muscle fibres than collagen formation was occurring.
No necrotic tissue was present at three months. The injured area was occupied by a small collagenous scar, frequently not more than 5 mm wide and between 12 and 20 mm long, with a few regenerating muscle fibres at the outer margin (Fig 8) . For a further 5-10 mm beyond this area the mature-looking muscle fibres had rather more connective tissue between them than was normal. The wounds at six months were similar to those at three months except that regenerating muscle fibres were seen only occasionally. Thecollagen fibres were aggregated into relatively avascular bundles between which were thin strips of more vascular, less dense connective tissue. If wounds were relatively superficial there was dimpling of the overlying surface of the muscle in which a small band of collagen was seen. The latter resulted from incomplete resolution of hmmorrhage on the surfaces of some muscles where the wound was superficial.
In none of the animals examined was it possible to relate the extent of injury to the position along the missile track of the section studied.
(5) Vital dyes: A 10% solution of disulphine blue was injected intravenously into 4 additional animals one hour after wounding in an attempt to demarcate viable from non-viable muscle. On slicing the injured muscles irregular areas around the bullet tracks failed to take up the dye but the margin between the stained and unstained areas was difficult to define precisely due to the poor colour contrast in this tissue. Furthermore the dye tended to diffuse into the unstained tissue and there was no known means of fixing it to withstand histological processing. Better results were obtained with the Indian ink perfusion technique.
Discussion
From the evidence presented above it appears that penetration of skeletal muscle by a high velocity bullet causes immediate tissue destruction in a relatively small area along and around the missile track. The empty spaces seen in the early stages are considered to be the result of the incomplete escape of air which was sucked in during the formation of the temporary cavity. In these wounds the amount of hemorrhage was small and thus probably occurred mainly or entirely from capillaries. Ischemia of the tissues, demonstrated by lack-of filling of the blood vessels with perfused Indian ink, was, up to three days, greater in extent than the area of obvious necrosis. As the latter continued to spread up to this time it is possible that these further cytological changes resulted from tissue ischmmia: they could, however, have been due to delayed effects of the initial trauma. At three days resolution of the necrotic material had commenced and thereafter progressed until complete, between six weeks and three months. Necrotic muscle fibres and extravasated blood cells were replaced by fibrous scar tissue which in turn, starting at seven days, became partly infiltrated by regenerating muscle fibres. The scar which remained finally was smaller than the area of necrosis seen earlier, suggesting that muscle regeneration contributed significantly to the ultimate result. Scar contraction undoubtedly also played a part, as dimpling of the surface of the mvsqle ww4 sometimes seen. Surprisingly little'cedema was seen in the wounds. The animals would walk within six hours of injury and limping ceased after three days. No attempt was made to restrain them so that it is not known if splinting of the limbs, as in the treatment of human gunshot injuries, would have modified the changes.
The limb vessels were perfused after death with Indian ink, a highly unphysiological medium, so it is not possible to say if the pattern of vascular filling achieved resembled the pattern of blood flow during life. The fact that at ten minutes ink extravasation occurred where no red cells were present suggests that vascular spasm controlled hemorrhage in the living animal. Perhaps the stasis of blood produced by such spasm caused intravascular clotting which prevented leakage of ink at later time intervals after wounding. This hypothesis would account also for the fact .that at ten minutes there was significantly more filling of the capillaries in the traumatized area than at later times.
The Giemsa stain has been particularly useful in enabling both the degree and extent of muscle fibre damage to be seen easily. In the lessseverely injured areas minor changes in the staining reaction were seen, from the normal pink to a light blue colour. These altered fibres diminished gradually in number as time elapsed, but a few were still present at six weeks. No cellular reaction occurred around them and their nuclei appeared normal so it is concluded that the reaction was reversible. Evidence will be produced which suggests that the basis of the change in staining reaction is an alteration in the physical structure of the sarcoplasm (Hopkinson 1964 ).
It was not known how frequently these experimental injuries were contaminated with pathogenic organisms, but infected wounds, which occurred occasionally, were excluded from the present study and will be reported later. Gunshot wounds in man, particularly those sustained on the field of battle, become infected so frequently that surgical treatment is widely advocated, How-ever, it would appear from the results presented here that the less severe wounds of skeletal muscle, particularly if there is no damage to major blood vessels, might heal spontaneously; indeed a policy of 'wait and see' has been adopted bysome surgeons (Morgan et al. 1961 ) for such cases. It does appear that the amount of skeletal muscle necrosis which occurs depends both on the degree of ischmmia produced and on the amouit of direct damage to the fibres.
It is hoped that the results of these experiments with a relatively standardized gunshot wound will form a useful base-line for further studies, particularly of the effects of bacterial contamination and different methods of surgical treatment.
